Although single-unit studies in monkeys have identified effector-related regions in the posterior parietal cortex (PPC) during saccade and reach planning, the degree of effector specificity of corresponding human regions, as established by recordings of the blood oxygen level-dependent signal, is still under debate. Here, we addressed this issue from a different perspective, by studying the neuronal synchronization of the human PPC during both reach and saccade planning. Using magnetoencephalography (MEG), we recorded ongoing brain activity while subjects performed randomly alternating trials of memory-guided reaches or saccades. Additionally, subjects performed a dissociation task requiring them to plan both a memory-guided saccade and reach to locations in opposing visual hemifields. We examined changes in spectral power of the MEG signal during a 1.5 s memory period in relation to target location (left/right) and effector type (eye/hand). The results show direction-selective synchronization in the 70 -90 Hz gamma frequency band, originating from the medial aspect of the PPC, when planning a reaching movement. In contrast, activity in a more central portion of the PPC was synchronized in a lower gamma band (50 -60 Hz) when planning the direction of a saccade. Both observations were corroborated in the dissociation task. In the lower frequency bands, we observed sustained alpha-band (8 -12 Hz) desynchronization in occipitoparietal regions, but in an effectorunspecific manner. These results suggest that distinct modules in the posterior parietal cortex encode movement goals of different effectors by selective gamma-band activity, compatible with the functional organization of monkey PPC.
Introduction
The posterior parietal cortex (PPC) has been implicated in processing sensory information and planning goal-directed actions. Monkey single-unit experiments using delayed-response tasks (Hikosaka and Wurtz, 1983) have identified effector-specific working memory representations in separate regions in the PPC. More specifically, the lateral intraparietal area (LIP) retains increased firing rates during saccade planning (Colby et al., 1996; Mazzoni et al., 1996; Glimcher, 2003) , whereas the parietal reach region (PRR) sustains activity during intended reaches (Snyder et al., 1997; Andersen and Buneo, 2002; Calton et al., 2002; Galletti et al., 2003) .
In contrast, recent functional magnetic resonance imaging (fMRI) studies in humans have noted only limited effectorspecificity in the PPC during intended saccades and reaches (Connolly et al., 2003; Medendorp et al., 2005; Beurze et al., 2007 Beurze et al., , 2009 Hagler et al., 2007; Levy et al., 2007) . But since blood oxygen level-dependent (BOLD) imaging and single-unit recordings inform about different aspects of neural processes (Bartels et al., 2008; Logothetis, 2008) , it is not clear whether human PPC is in fact organized differently than monkey PPC.
Electric field potentials, and the corresponding electric currents and magnetic fields, which represent the synchronized postsynaptic potentials of groups of neurons (Frost, 1967; Mitzdorf, 1985) , allow for a closer assessment since they can be measured both invasively in monkeys and noninvasively in humans. In monkeys, areas LIP and PRR show directionselective increases in spectral power of the field potentials in particular frequency ranges (LIP, PRR, when planning saccades and reaches, respectively (Pesaran et al., 2002; Scherberger et al., 2005) .
In humans, a recent magnetoencephalography (MEG) study by Van Der Werf et al. (2008 ) showed synchronized activity (50 -100 Hz) in a posterior parietal region during the planning of eye movements, consistent with the above findings in monkey LIP. In fact, their delayed prosaccade and antisaccade paradigm revealed the sustained power to be tuned to the planned saccade direction, not the memorized stimulus location, further resembling monkey LIP characteristics (Zhang and Barash, 2004) . To our knowledge, however, spectral activity in relation to memoryguided reaches has not been demonstrated in human PPC.
Although human BOLD studies have shown little spatioanatomical differences between the areas involved in delayed reaches and saccades, a difference in the spectral fingerprint, which cannot be detected in BOLD, would still support the notion of effector-specific working memory representations in the PPC. Here, we tested this spectral dissociation hypothesis by recording MEG signals while subjects planned reaches or saccades to stimuli presented in either the left or right visual hemifield. To control for a potential effect of covertly planning the noninstructed movement, we also tested our subjects in a two-movement dissociation task, in which they planned and executed saccades and reaches simultaneously in opposite directions (Snyder et al., 1997) .
Our results show direction-selective oscillatory activity in different gamma frequency bands during reach versus saccade planning. The source of the reach-related activity was identified more medially in the PPC than the saccade-related source, in homology to monkey PPC. In contrast, the lower frequency band (alpha, (8) (9) (10) (11) (12) showed effector-unspecific desynchronization in posterior areas, consistent with a mechanism for active functional inhibition.
Materials and Methods
Participants. Sixteen healthy subjects [2 females, 14 males; mean age, 28 years (SD, 4)], free of any known sensory, perceptual, or motor disorders, volunteered to participate in the experiment. All subjects provided written informed consent according to institutional guidelines of the local ethics committee (Commissie Mensgebonden Onderzoek Committee on Research Involving Human Subjects, Region Arnhem-Nijmegen, The Netherlands). Each subject practiced all tasks extensively before data acquisition to ensure that the tasks were performed correctly.
MEG recordings. Subjects were seated upright in the MEG system that was placed in a magnetically shielded room. They were instructed to sit comfortably but still and to look at the stimulus screen, located ϳ40 cm in front of them. Visual stimuli, generated with Presentation 9.10 software (Neurobehavioral Systems), were presented using a liquid crystal display video projector (60 Hz refresh rate) and backprojected onto the screen using two front-silvered mirrors. MEG data were recorded continuously using a whole-head system with 275 axial gradiometers (Omega 2000; CTF Systems). Head position with respect to the sensor array was measured using localization coils fixed at anatomical landmarks (the nasion and at the left and right ear canal). These measurements were made continuously during the MEG recordings to assess head movements during the experiment. In addition, horizontal and vertical electro-oculograms (EOGs) were recorded using electrodes placed below and above the left eye and at the bilateral outer canthi. Reaching movements were made with the right hand, by means of wrist rotations such that the index finger pointed in the direction of the remembered stimulus. The hand was held a few centimeters ipsilateral to the body midline; the rest of the arm was fixated comfortably by vacuum cushions and Velcro straps. The subject's view of the hand was occluded with black cardboard. To assess onsets and offsets of the pointing movements, the electromyogram (EMG) was recorded by using two electrodes placed along the extensor digitorum muscle of the forearm. Impedance of all electrodes was kept Ͻ5 k⍀. During the experiment, eye and arm recordings were continuously inspected to ensure the subject was vigilant and performed the task correctly. MEG, EMG, and EOG signals were low-pass filtered at 300 Hz, sampled at 1200 Hz, and then saved to disk.
For each subject, a full-brain anatomical magnetic resonance image (MRI) was acquired using a standard inversion prepared threedimensional T1-weighted scan sequence (flip angle, 15°; voxel size, 1.0 mm in-plane; 256 ϫ 256; 164 slices; repetition time, 0.76 s; echo time, 5.3 ms). The anatomical MRIs were recorded using a 1.5 T whole-body scanner (Siemens), with anatomical reference markers at the same locations as the head position coils during the MEG recordings (see above). The reference markers allow alignment of the MEG and MRI coordinate systems, such that the MEG data can be related to the anatomical structures within the brain.
Experimental tasks. Subjects performed three different tasks: the delayed-reaching task, the delayed-saccade task, and the dissociation task. In the first phase of the experiment, subjects performed delayedreach or delayed-saccade trials in an intermingled manner. In the second phase, subject performed a series of delayed-dissociation trials, simultaneously planning and making a reach to one target and a saccade to the other.
Each trial began with the subject fixating their gaze and pointing their right index finger to a central white cross, presented on the screen (Fig.  1) . After a baseline period of 1 s, two peripheral stimuli were flashed simultaneously for 100 ms, on opposite sides of the fixation cross, at a random eccentricity between 5 and 15°. The color of these stimuli (red, green, or gray) signaled the task instruction; red and green stimuli instructed the responding effector, the gray stimulus was a noninformative cue and served to balance visual input across hemifields over all three tasks. The color instructions of the effector cues were counterbalanced over subjects. After a delay of 1.5 s, during which the subject prepared the appropriate movement (or movements), the fixation cross changed to a small white dot, instructing the subjects to make the reach and/or the saccade to the remembered location(s), and return immediately back to center. In the delayed-reach and delayed-saccade trials, the noninstructed effector maintained directed centrally, assisted by the small central dot visible after the movement instruction was given. In the dissociation trials, subjects had to respond with a simultaneous reach and saccade in opposite directions. Then, 0.6 s later, the fixation cross was turned on again until the end of the trial, and subjects were allowed to blink their eyes, if necessary.
The delayed-reach and delayed-saccade trials were randomly interleaved in blocks of 60 trials, between which a brief rest was provided. A total of 10 of these blocks resulted in 300 trials in each task, comprising 150 leftward and 150 rightward movements. Subjects also performed 300 dissociation trials, tested in five blocks, consisting of 150 trials with a leftward reach and rightward saccade and 150 trials with a rightward reach and a leftward saccade.
Behavioral analysis. EOG and EMG were recorded in all subjects. Figure 1 shows the EOG (horizontal component) and EMG traces of a typical subject during 80 correctly performed trials of the reach-right, saccade-right, and reach-right/saccade-left conditions, respectively, in relation to the temporal order of events. As shown, this subject maintained fixation during the baseline period, the presentation of the stimulus, and the memory interval, and made eye and/or reaching movements after the fixation spot was turned off. The EOG and EMG recordings and on-line infrared camera observation in all 16 subjects confirmed that they followed the instructions correctly in most trials. Trials in which subjects broke (ocular or manual) fixation, made saccades or reaches in the wrong direction, or blinked the eyes during the trial, were excluded from additional analysis. On average, 687 Ϯ 122 (SD) trials were incorporated in the analysis of each participant (reach, 229 Ϯ 36 trials; saccade, 234 Ϯ 37; dissociation, 219 Ϯ 54). There was no significant difference in the number of rejected trials among the three task conditions (one-way ANOVA, F (2,30) ϭ 0.5; p ϭ 0.6), confirming that the three tasks were performed equally well. Mean reaction times (RTs) were 281 Ϯ 64 ms for reach trials, 231 Ϯ 46 ms for saccades, and 203 Ϯ 36 ms for dissociation trials. These RTs differed significantly between the response types (one-way ANOVA, F (2,30) ϭ 9.03; p Ͻ 0.05). Post hoc t tests between each pair of trial types confirmed that reach trial RTs were slower than both saccade trials (Snyder et al., 1997; Beurze et al., 2009 ) and dissociation trials.
MEG data analysis. Data were analyzed using Fieldtrip software (http://www.ru.nl/neuroimaging/fieldtrip), an open source MatLab toolbox for neurophysiological data analysis developed at the Donders Institute for Brain, Cognition and Behavior. From the trials that survived the exclusion criteria described above, data segments that were contaminated with muscle activity or jump artifacts in the superconducting quantum interference devices (or SQUIDS) were excluded using semiautomatic artifact rejection routines.
For the sensor level analysis, an estimate of the planar gradient was calculated for each sensor using the signals from the neighboring sensors (Bastiaansen and Knösche, 2000) . The horizontal and vertical components of the planar gradients approximate the signal measured by MEG systems with planar gradiometers. The planar field gradient simplifies the interpretation of the sensor-level data since the maximal signal is located above the source (Hamalainen et al., 1993) . Power spectra were computed separately for the horizontal and vertical planar gradients of the MEG field at each sensor location and the sum of both was computed to obtain the power at each sensor location regardless of the orientation of the gradient.
Time-frequency representations (TFRs), estimating the time course in power, were computed using a Fourier approach, applying a sliding tapered window, with neighboring time points temporally segregated by 0.05 s. Because the gamma band is typically much wider and therefore better characterized with more spectral concentration (Hoogenboom et al., 2006) , we analyzed two frequency ranges separately: 5-30 and 30 -100 Hz. For the lower frequency band (5-30 Hz), we used sliding windows of 0.5 s and a Hanning taper. This resulted in a spectral smoothing of ϳ2 Hz. For the higher frequency band (30 -100 Hz), we applied a multitaper approach (Percival and Walden, 1993) using a sliding window of 0.4 s and 11 orthogonal Slepian tapers. This resulted in a spectral smoothing of ϳ14 Hz.
We defined the time interval of the sensory response from 0.1 to 0.5 s after stimulus onset, with the given boundaries being the center times of the sliding time window. The delay period was defined from 0.5 to 1.6 s after the presentation of the stimulus and excludes the initial sensory response. Contamination of the motor response in this interval is also supposed to minimal, given the movement latencies Ͼ200 ms (see above).
We examined the task-related changes in power in various frequency bands relative to average power in the baseline periods (Fig. 1 ). The baseline power was computed over a 0.4 s (higher frequencies) or 0.5 s (lower frequencies) time window centered 0.3 s before the presentation of the stimulus. Using a jackknife procedure (Efron and Tibshirani, 1993) , we determined the variance of the log power in the selected frequency bands across trials. Using these estimates, we expressed the difference in log power between the memory period and the baseline as a t score for each subject and for each condition. The resulting t scores were transformed into z scores to obtain a normalized estimate of power difference. Using the same z score metric, direction selectivity of power in the various frequency bands was examined by comparing the power in each sensor for stimuli in the contralateral and ipsilateral hemifield. The resulting z scores, which are well normalized for intrasubject variance, were pooled across subjects (z group ϭ 1/͌ N Αz i , with z i being the z score of the ith subject).
Statistical significance was tested at the sensor level by using a nonparametric clustering procedure (Nichols and Holmes, 2002; Maris and Oostenveld, 2007) . In this procedure, the cluster-level test statistic is defined by pooling the z scores of neighboring sensors showing the same effect (pooled z scores Ͼ1.96) in a given time-frequency window of interest. In a nonparametric statistical test, the type I error rate for the complete set of 275 sensors was controlled by evaluating the cluster-level test statistic under the randomization null distribution of the maximum cluster-level test statistic. This was obtained by randomly permuting the data between two conditions (i.e., the reach-left vs the reach-right condition) within every participant. By creating a reference distribution from 1000 random sets of permutations, the p value was estimated as the proportion of the elements in the randomization null distribution exceeding the observed maximum cluster-level test statistic. Statistical significance at the frequency level, to examine the spectral dissociation hypothesis, was tested in a similar manner: clustering was applied by pooling together neighboring frequencies showing the same effect.
To localize the neural sources of the different spectral components, we applied an adaptive spatial filtering or beamforming technique (dynamic imaging of coherent sources) (Gross et al., 2001; Liljeström et al., 2005) . First, we divided a template brain volume [International Consortium for Brain Mapping template; Montreal Neurological Institute (MNI), Montreal, Quebec, Canada] into a regular 1 cm three-dimensional grid. We then warped every subject's MRI to fit this template MRI and the template's grid. We then warped the grid back to fit every subject's original MRI to obtain a grid in MNI coordinates for every subject. This procedure allowed us to directly compare grid points across subjects in MNI space without the need to normalize. For each subject and for each grid point, a spatial filter was constructed that passes activity from this location with unit gain, while attenuating activity from other locations (Gross et al., 2001) . This filter was computed from forward models with respect to dipolar sources at each grid point (the lead field matrix) and Figure 1. Experimental design. Sequence of stimuli and subject instructions during all three task conditions: delayed-reach task, delayed-saccade task, and dissociation task. All trials began with fixating and pointing to a central cross for a 1 s period. Next, two stimuli were presented for 100 ms on opposite sides of the fixation point. The red/green stimulus instructed the type of movement to prepare to that location; the gray stimulus was a noninformative cue and served to balance visual input across the tasks. After an additional delay of 1.5 s, the central cross disappeared, instructing the subject to perform the movement(s). In the dissociation task, this was a simultaneous reach and saccade in opposite directions. In reach and saccade tasks, the noninstructed effector kept the initial central position during the movement. Corresponding eye position traces (horizontal EOG) and hand movement EMG of a typical subject are shown in red and green, respectively, for each task condition.
the cross-spectral density between all combinations of sensors at the frequency of interest. We used realistic single-sphere head models from every subject's individual MRI to calculate the lead field matrix (Nolte, 2003) . For every single subject, the source power was estimated per condition and expressed as z scores relative to the same baseline interval that was used for the sensor-level analysis. These z scores were then used for additional analysis. To overcome the problem of spatial leakage in a delay versus baseline contrast (see Fig. 2 B, middle panel) , caused by a strong dominant source, we applied a two-dipole beamformer, with one dipole fixed at the grid location with the maximum activity in an average over subjects (MNI coordinates: Ϫ20, 0, 60 mm), while the other dipole scanned all grid points (for details, see Schoffelen et al., 2008) .
To assess the spatial difference between directional selective reach and saccade sources in posterior parietal cortex, we applied a nonparametric clustering algorithm, similarly as described above. In this case, neighboring voxels showing a similar effect in space and time were clustered and tested against a reference distribution from 1000 random sets of permutations. We constrained source space in parietal cortex based on previous observations. That is, clusters were grown in predefined regions of interest (ROIs) of the PPC, shown to possess a contralateral, topographic organization of target location for saccade and reaches (referred to as IPS0/V7, IPS1, and IPS2) (Schluppeck et al., 2005; Hagler et al., 2007; Levy et al., 2007) . We defined partly overlapping ROIs as spheres with a diameter of 5 cm, centered at MNI-converted Talairach coordinates [MNI coordinates (in millimeters); IPS0: Ϫ25, Ϫ84, 25; IPS1: Ϫ21, Ϫ80, 41; IPS2: Ϫ18, Ϫ76, 53], as reported by Schluppeck et al. (2005) .
Results

Reach-related gamma-band activity
We first describe the modulations of power in the higher frequency bands during the delayed-reaching task, regardless of the direction of the reaching movement. Figure 2 A depicts the scalp topography (left panel) during the three different stages of a trial of the 70 -90 Hz gamma band, which is the frequency band that showed the highest power increases relative to baseline. These three stages dissect the sensory response (time, 0.1-0.5 s, left panel) and motor execution activity (time, 1.6 -1.8 s, right panel) from the delay-activity encoding the working memory of the reach (time, 0.5-1.6 s, middle panel). Sensors showing a significant effect are marked ( p Ͻ 0.05). Figure 2 B shows the associated source reconstructions of the three stages, represented on a normalized cortical surface. Both the sensor and the source data are expressed as z scores pooled across subjects. Regions with warmer (red) colors indicate a power increase relative to baseline; regions with cooler (blue) color reflect a power decrease. As shown, there are power increases during all three phases of the trial, at both parietal and frontal sensors. After stimuli presentation (left panel), there are clear bilateral responses in occipital, parietal, and frontal regions. During the delay interval, the frontal and parietal areas show sustained activation, with the frontal activation arising in the precentral sulcus (preCS) and the parietal activation originating from the parieto-occipital sulcus (PO) and the medial aspect of the PPC. During this period, the activity is mostly biased to the left hemisphere, which is consistent with preparing a movement of the (contralateral) right hand. During execution (right panel), the sensor-level data shows increased gamma-band power in all regions compared with the delay period, more so in the left than right hemisphere. Source reconstruction maps the maximum movement-related activity to the central sulcus (CS); the strength of this source has compromised the reconstruction of the sources in more posterior areas.
We next focused our analysis on those regions that showed a preference for remembered reach goals in either the contralateral or ipsilateral visual hemifield. We performed this analysis separately for each hemisphere. For sensors over the left hemisphere, we subtracted activity for a goal in the left visual field from the activity for a goal in the right visual field, and vice versa for sensors overlying the right hemisphere. Figure 3 shows the topographic distribution of the direction-selective power in the 70 -90 Hz gamma band for the three different stages of the reach trial, in the same format as Figure 2 A, coding regions with contralateral goal selectivity in warmer (red) colors and those with ipsilateral tuning in cooler (blue) colors. This analysis revealed a left posterior cluster of sensors, the power of which has a statistically significant ( p Ͻ 0.05; left hemisphere marked sensors are significant) preference for contralateral reach goals during the retention period (0.5-1.6 s). Thus, of the sensors that showed significant 70 -90 Hz spectral power increases during the planning and execution of pointing movements (Fig. 2) , only one cluster located posterior in the left hemisphere, showed significant selectivity for the direction of the reach. In other words, a posterior region in the left hemisphere represents the direction of reaching movement in a 70 -90 Hz gamma frequency band. It is noteworthy that this region was lateralized to the left hemisphere, which is the hemisphere contralateral to the reaching hand. In this respect, we cannot exclude that some direction-specific results, for example, those in the right hemisphere, were masked by interactions between direction selectivity and the effector hand used (Vesia et al., 2006; Beurze et al., 2007; Chang et al., 2008) . To further address the hemispheric differences, the bar plots in Figure 3 show the A B Figure 2 . A frontoparietal network shows increased power in the 70 -90 Hz gamma band during reach planning and execution. A, Topographic representations of the gamma-band power during all three stages of the delayed-reach task (stimulus encoding, 0.1-0.5 s; delay period, 0.5-1.6 s; execution phase, 1.6 -1.8 s). The color format is as follows: warmer (red) colors, power increase relative to baseline; cooler (blue) colors, power decrease. Sensors showing a significant change relative to baseline are marked. B, Reconstruction of the gamma-band sources. Because of spectral leakage caused by a strong frontal source (MNI coordinates: Ϫ20, 0, 60 mm), the reconstruction of the delay period was done in two steps: first by means of a conventional beamformer (represented by z scores well above 2.5, masked at z Ͻ 8) and second by means of a beamformer that suppressed the strong left-frontal source (Schoffelen et al., 2008) (represented by z Ͻ 2.5, masked at z Ͻ 1). Results of both analyses are plotted onto the same standard brain surface. Both the stimulus and execution period are standard one-dipole beamformers, masked at z Ͻ 5 and z Ͻ 20, respectively. CS, Central sulcus; preCS, precentral sulcus; IPS, intraparietal sulcus; PO, parieto-occipital sulcus.
average response of the marked parietal sensor groups to contralateral and ipsilateral goals in isolation. They confirm the clear contralateral bias for the left parietal sensors and demonstrate equal activation, thus lack of laterality, for the right parietal sensors, across all stages of the trial.
Before concluding that this left posterior cluster is selectively involved in planning and executing reaching movements, we first have to examine its response during the delayed-saccade and the dissociation task. In a previous study on delayed saccades, we showed that goals for saccades are maintained in virtually the same frequency range as the current reach goals (Van Der Werf et al., 2008) . Because the subjects in this study also performed delayed-saccade trials (while maintaining central pointing with the right hand), we could directly compare gamma-band selectivity during these movements under similar task constraints. As an additional control, we used the two-movement dissociation task, during which subjects planned (and made) eye and reach movements simultaneously in opposite directions (Snyder et al., 1997) . This task is intended to further test whether the direction-selective activity in the posterior region relates to the reach or saccade direction, or rather vanishes because of balancing spatial attention over both visual hemifields.
The right-hand panels of Figure 4 A-C represent the topographic distributions of the direction-selective power in the 70 -90 Hz band during the delay period of all three tasks (thus, the right-hand panel of Fig. 4 A replicates the middle panel of Fig.  3 ). The topographic distribution in Figure 4 B shows that the power increases that characterized the reach-only condition were absent during the delayed-saccade task.
The results of the dissociation task are plotted in Figure 4C , with warmer (red) colors indicating a bias toward contralateral reach goals (or ipsilateral saccade goals) and cooler colors representing a preference for contralateral saccade goals (or ipsilateral reach goals). The dissociation task reveals a cluster of sensors with a significant preference for contralateral reach goals ( p Ͻ 0.05; sensors are marked). Most notably, this cluster is almost identical with the cluster that shows the significant effects in the delayedreaching task.
The left-hand panels in Figure 4 A-C show the temporal evolution of the direction selectivity of the power in the higher frequency band (30 -100 Hz) pooled across the selected posterior sensors overlying the left hemisphere, and averaged across subjects, during the three movement tasks. Stimuli are presented at t ϭ 0 s, and the movement cue is given at t ϭ 1.6 s. The spectrogram of power during the delayed-reach task ( Fig. 4 A) shows contralateral goal selectivity (color-coded in red) in the 50 -90 Hz range, most prominently at ϳ70 -90 Hz. The contralateral goal selectivity arises fairly soon after presentation of the stimuli and was sustained across the entire delay period. Interestingly, the delayed-saccade tasks demonstrated no such clear power modulations in this frequency range, as shown by Figure 4 B . Thus, the region shows a stronger synchronization for reaching than for saccades, which characterizes it as a reach-specific region. Figure 4C presents the spectrogram of the significant set of sensors during the dissociation task, using the same color format as in the topographic distributions, showing the power differences between trials in which subjects reached right and saccaded left versus trials in which subjects reached left and saccaded right. As the spectrogram shows, there is a significant 70 -90 Hz gamma band biased toward contralateral reach goals, emerging ϳ0.4 s after stimulus presentation, and increasing in strength toward the response. Together, the results in Figure 4 confirm the hypothesis that the oscillatory activity in 70 -90 Hz gamma band observed at these posterior sensors is involved in coding reach goals, and is not a product of generic spatial attention or (covert) saccade planning.
We used adaptive spatial filtering techniques (beamforming) (see Materials and Methods) to estimate the source underlying the gamma-band activity during reach planning as found at the posterior sensors overlying the left hemisphere. Figure 4 D shows the source of activity during the delay period (0.6 -1.6 s) at the 80 Hz (Ϯ14 Hz smoothing) gamma band on a rendered representation of a standardized left hemisphere. The peak of this activity was found in the medial side of the posterior parietal cortex, analogous to observations made in the nonhuman primate (Snyder et al., 1997) .
Saccade-related gamma-band activity
From recent studies, it is known that parietal neurons also synchronize their activity in the gamma frequency range when coding pending saccades, in both monkeys (Pesaran et al., 2002) and humans (Van Der Werf et al., 2008 . In this regard, close scrutiny of the spectrograms in Figure 4 B, and especially that in Figure 4C , seems to indicate a slight bias in oscillatory power at the 50 -60 Hz gamma band for contralateral saccades, although this effect failed to reach significance. To increase the statistical power of our analysis of the saccade-related oscillations, we therefore examined the saccade effects using a combined evaluation across all three trial types: delayed-reaching, delayedsaccade, and dissociation trials. More specifically, we assumed that the contralateral-selective power in the dissociation task, referred to as DD, is composed of both a reaching (DR ϭ RC Ϫ RI) and a saccade contribution (DS ϭ SC Ϫ SI), in which C and I refer to contralateral and ipsilateral directions, respectively, and R and S refer to the reach and saccade components. From this
Hence, by subtracting DD from the lateralized Figure 3 . A cluster of sensors overlying the left hemisphere shows direction-selective gamma-band activity (70 -90 Hz) during the three different stages of the reach trials. The color format is as follows: warmer (red) colors, preference for stimuli in the contralateral hemifield; cooler (blue) color, bias toward ipsilateral stimuli. Sensors marked in the left hemisphere show significant effects in all stages (clustering and randomization approach) (see Materials and Methods). The bar graphs at either side of the topographic plots demonstrate the activation in relation to contralateral (C) and ipsilateral (I) reach goals, separately for the marked clusters in both hemispheres. The cluster of sensors overlying the right hemisphere was taken mirror-symmetric to that overlying the left hemisphere.
power during the delayed-reaching task (DR), we isolate the saccade contribution (DS). Pooling this isolated saccade contribution and the lateralized power observed during the single delayed-saccade task enhances the signal-to-noise ratio of the overall saccade-related power (i.e., DStot ϭ DS ϩ DR Ϫ DD). For completeness, we followed the same procedure to decompose also the overall reach component (DRtot ϭ DR ϩ DD ϩ DS) from the complete data set. Figure 5 presents the results of this decomposition analysis. Figure 5A depicts the isolated saccade-related power component, whereas Figure 5B shows the reach-related effect. Warmer colors indicate a preference for contralateral goals, whereas cooler colors correspond to a bias for ipsilateral goals. For saccades, the scalp topography during the delay period (0.5-1.6 s) demonstrates contralateral-selective elevated power in the 50 -60 Hz gamma band in nearly symmetrical posterior regions in the two hemispheres with the most notable power increase in the right posterior region (Fig. 5A, middle panel) . A clustering and randomization algorithm (see Materials and Methods) over the pooled hemispheres shows these symmetrical clusters of posterior sensors to be significant ( p Ͻ 0.05). The left-and righthand panels of Figure 5A illustrate the time-frequency representations of the power in either region. Based on the symmetry of these panels, these spectrograms were pooled across hemispheres, resulting in the combined hemifield-specific changes in power for saccades with respect to contralateral versus ipsilateral goals. The pooled spectrogram revealed a narrow band of sustained gamma activity (50 -60 Hz) during the delay period (Fig. 5A, bottom panel) . Source reconstruction estimated a region in the posterior part of the intraparietal sulcus as the source of this 50 -60 Hz saccaderelated gamma-band activity (Fig. 5A , bottom panel).
The panels of Figure 5B demonstrate the isolated reach component. Consistent with the results in Figures 3 and 4 , the scalp topography (middle panel) of the power in the 70 -90 Hz gamma band revealed a region in the left hemisphere, coding for contralateral reach goals. Corresponding TFRs of the sensors marking this region, and a symmetrical set of sensors in the right hemisphere, confirm that the effect is only strong and sustained in the left posterior hemisphere. Importantly, neither hemisphere shows any sustained power changes at lower gamma frequencies, which indicates a spectral dissociation between reach planning and saccade planning in posterior brain regions. To confirm this statistically, Figure  6 illustrates a power contrast over the entire delay interval of the significant reach and saccade sensors (as marked in Fig.  5 A, B) , with negative z values representing specificity for saccade goals, and positive z values representing specificity for reach goals. Significant specificity ( p Ͻ 0.05, indicated by the darker gray zone) bears out in the 50 -57.5 Hz frequency range for saccades and at the 72.5-87.5 Hz range for reaches.
Finally, to determine whether the effector-specific spectral dissociation also has an anatomical basis, we directly compared the observed "reach" source reconstruction in Figure 4 D with the "saccade" source reconstruction in Figure 5A , using a nonparametric clustering algorithm constrained to predefined parietal ROIs (Schluppeck et al., 2005) and semioverlapping time windows (for more details, see Materials and Methods). Figure 7 shows the results of this analysis. Red voxels have significantly positive t values in the ROI centered at IPS2 ( p Ͻ 0.05) and have a bias for contralateral reach goals. In contrast, blue voxels represent a significant preference for contralateral saccade goals over reach goals in the ROI centered at IPS0/V7 (significantly negative t values, p Ͻ 0.05). Area IPS1 shows no clear preference for either effector. This analysis confirms that the spectral dissociation for . Direction-selective gamma-band synchronization during the three task conditions. A-C, Time-frequency resolved changes (left) of the direction-selective power of the sensors marked in the 70 -90 Hz scalp topography (right) during the delay period (0.5-1.6 s). Only significant sensors are marked ( p Ͻ 0.05, cluster randomization statistics). Time, t ϭ 0, the time of stimulus presentation; t ϭ 1.6, the time of the movement(s). Power is color-coded. In A, the topography plot replicates Figure 3 , middle panel. D, Source of the reach gamma-band activity (80 Ϯ 14 Hz) during the delay period of reach task, thresholded at z Ͼ 1, in the left hemisphere. The color format is as in A. PO, Parieto-occipital sulcus; CS, central sulcus; IPS, intraparietal sulcus. reaches and saccades arises from different posterior parietal areas.
Effector-unspecific desynchronization in the alpha band
We also investigated the direction selectivity of the activation in the lower frequency band (5-30 Hz) during the delayed-reaching and delayed-saccade task. Figure 8 presents the results of this analysis, expressed as z scores pooled over subjects, for both tasks (Fig. 8 A, reaches;  B, saccades) . The color code represents the difference in power for contralateral versus ipsilateral movement goals. The middle panels, showing the topographic distribution of alpha-band power (8 -12 Hz) during the delay interval (0.5-1.6 s), indicate contralateral suppression effects in posterior areas during both tasks. In the reach task, these effects are significant in both hemispheres ( p Ͻ 0.05); the saccade task yielded the significant effects only in the right hemisphere ( p Ͻ 0.05). The spectrograms of the marked sensors overlying the left and right hemisphere further illustrate that the power in the alpha band behaves rather similar during the two tasks. Thus, in contrast to the gamma band results, the alpha band appears not to process the goal information in an effector-selective manner. The pooled spectrograms, plotted in the bottom panels of Figure 8, A and B, show that the alpha-band desynchronization arises at ϳ0.5 s after stimuli presentation. It is also important to note that we did not observe any significant alpha-band lateralization during the dissociation tasks (data not shown). Finally, the pooled spectrograms also demonstrate significant contralateral transient enhancements of activity in the theta range (at ϳ6 Hz) and beta range (12-20 Hz) a few 100 ms after stimuli presentation. These biases may be attributable to attention-facilitation effects, since the visual input itself was balanced across hemifields by a noninformative cue, presented simultaneously with the movement goal.
We applied spatial filtering techniques to estimate the sources underlying the alpha lateralization during the delay period (0.5-1.6 s). Results of this reconstruction are presented in the bottom right panels of Figure 8, A and B , plotted on a standardized brain. Consistent with the scalp topography, the reach task revealed a strong bilateral alpha source overlying occipital and parietal areas, with the locus of maximum activity in the posterior part of the intraparietal sulcus. During the saccade task, the sources of alpha lateralization are primarily found in the right hemisphere overlying visual and parietal regions, consistent with the scalp topography. The left hemisphere shows some scattered loci of activity in occipital and parietal areas, corroborating with the weaker alpha lateralization on the scalp level.
Discussion
We set out to characterize the spectral signature of parietal oscillatory activity during both reach and saccade planning. Our main finding was that high-gamma-band synchronization (70 -90 Hz), originating from the medial aspect of the PPC, encodes the direction of a reach, whereas activity in a lower gamma band (50 -60 Hz), originating from a more posterior portion of the PPC, encodes the direction of a saccade. These results, suggesting that distinct modules in the posterior parietal cortex encode movement goals of different effectors by selective gamma-band synchronization, are compatible with the functional organization of monkey PPC. In the lower frequency bands, we observed sustained alpha-band (8 -12 Hz) desynchronization in occipitoparietal regions, which did not show clear effector specificity. Thus, whereas neurons in the PPC synchronize their activity in different gamma-band frequencies to encode different movement intentions, the alpha-band activation reflects effector-unspecific goal processing, or simply visuospatial attention.
In the present study, we found reach representations to be encoded by power increases in a 70 -90 Hz gamma frequency band (Fig. 2) . We found this representation to lateralize to the left hemisphere, contralateral to the reaching hand (Fig. 3 ). This hemispheric lateralization may suggest that selectivity for the hand to be used is also encoded by this representation (Connolly et al., 2003; Medendorp et al., 2003 Medendorp et al., , 2005 Beurze et al., 2007) . Furthermore, the power modulations of the parietal representation depended on the movement direction, with a clear bias toward contralateral reaches. In two ways, we ruled out that this representation in the medial parietal area is confounded by saccade planning. First, the respective sensor group did not demonstrate clear power modulations in this frequency range during the delayed-saccade task (Fig. 4 B) . Second, in the dissociation task, in which subjects planned and executed a reach and saccade in opposite directions, we found the activity of the reach sensors to tune to the reach direction, in actually even a more narrow frequency band (Fig.  4C ). These findings are thus consistent with the notion that the PPC is involved in movement planning (Snyder et al., 1997; Andersen and Buneo, 2002) .
Activity in relation to saccade planning was found in a more central bilateral parietal source (thus, more lateral from the reach source), consistent with our previous work (Van Der Werf et al., 2008) and previous fMRI work (Levy et al., 2007) . The observed frequency band for saccade planning ranged from 50 to 60 Hz, which is slightly lower than the frequency band observed in our previous study, which ranged from 70 to 100 Hz.
The presently reported estimated locations of the gamma-band activity involved in reach and saccade planning (Fig.  7) nicely fit the notion that mostly stems from monkey literature that there are effector-specific movement-goal representations in the PPC. Neural spiking activity and local field potential (LFP) recordings in monkey posterior parietal cortex have revealed separate subregions for reaches and saccades: the LIP for saccades (Snyder et al., 1997; Pesaran et al., 2002) and the PRR for reach programming (Snyder et al., 1997; Galletti et al., 2003; Scherberger et al., 2005; Scherberger and Andersen, 2007) . Our study revealed a large frontoparietal network engaged in rhythmic activity in a high gamma band during the retention period of a delayed reaching task (Fig. 2) . Of this larger network, a smaller, posterior parietal region shows sus- Figure 5 . Power is color-coded as follows: cooler (blue) colors, power suppression for contralateral movement goals. A, Reach task. TFRs are shown for the marked sensors in the left and right hemispheres, respectively. Significant contralateral suppression effects were found at both left and right hemisphere sensors. Bottom panels, TFR pooled across hemispheres (left). Right, Source reconstruction of the alpha-band suppression during the delay period, pooled across hemispheres, thresholded at z Ͻ Ϫ1, plotted on a standard left hemisphere. B, Saccade task. The format is as in A. Selected sensors in the left hemisphere failed to reach significance. tained direction selectivity during the delay period (Figs. 3, 4) . The reach region was found in the hemisphere contralateral to the used (right) hand, consistent with findings in monkeys that reach plans depend on the hand to be used (Chang et al., 2008) . In this respect, our reach region may represent the human analog of monkey area PRR. Accordingly, the more central parietal region may functionally correspond to monkey area LIP.
Recent studies, simultaneously recording electrophysiological and hemodynamic signals, have shown high positive correlations between hemodynamic signals and spectral power in the gamma band (Ͼ30 Hz) (Logothetis et al., 2001; Niessing et al., 2005) . Generally speaking, our results are in support of this notion. That being said, recent human neuroimaging studies have only demonstrated limited effector specificity in parietal cortex (Astafiev et al., 2003; Medendorp et al., 2003 Medendorp et al., , 2005 Hagler et al., 2007; Levy et al., 2007; Tosoni et al., 2008; Beurze et al., 2009) . Why then would MEG be more sensitive to effector-specific differences than fMRI? One explanation relates to the following. It is known that even in monkey PPC the anatomical distinction between saccade-and reach-related areas is not so strict (Snyder et al., 1997; Calton et al., 2002) . Although area LIP is mainly saccaderelated, it may still have a minority of reach-sensitive cells, whereas in area PRR-despite the preponderance of reach cells-one could also find saccade-related cells. Since fMRI does not have the same spatial resolution as single-cell recordings, the BOLD effects caused by the functionally different types of neurons may blend (Bartels et al., 2008) . However, in MEG recordings, neurons that synchronize their activity will show up stronger against the background noise of unsynchronized neural assemblies. The finding by Scherberger et al. (2005) , that the power spectrum of the LFP (i.e., the synchronized firing of an assembly of neurons) better predicts the monkey's behavioral state than the spiking of individual neurons, supports the notion that synchronized neural assemblies carry more information than single neurons.
In contrast to the gamma band, we did not find a spectral difference between the planning of reach and saccades in the lower frequency band. In both types of single-movement planning, we found a contralateral desynchronization of the alpha band, which was most pronounced later in the delay period (0.5-1.6 s). Contralateral desynchronization of the alpha band has been reported before, during both spatial attention and delayedsaccade tasks (Worden et al., 2000; Thut et al., 2006; Medendorp et al., 2007; Siegel et al., 2008) . It has been suggested that alphaband desynchronization reflects a general regulatory mechanism, allocating resources for processing sensory information without actually encoding this information (Jensen et al., 2002; Jokisch and Jensen, 2007; Klimesch et al., 2007) . The present study is consistent with this notion. When the two spatial stimuli are presented in opposing visual hemifields, there is no clear laterality of power in the alpha band. Together with the observation that during both single-movement conditions the lateralized desynchronization arises later in the course of the trial (0.5-1.6 s), this seems to reflect a role for alpha in the efficient processing of the movement goal over the noninformative visual stimulus (Fig. 8) . That this effect is rather effector-unspecific may suggest a reflection of a topdown driven visuospatial attention mechanism. In this respect, fast alpha lateralization in relation to single stimuli, as observed in our previous studies Van Der Werf et al., 2008) , may be linked more closely to bottom-up attention effects. frequency oscillations in parietal cortex during movement planning.
